Aims/hypothesis Heart failure has been suggested to increase the risk of developing diabetes. We investigated the relation between heart failure severity, defined by loop-diuretic dosage, and the risk of developing diabetes in a nationwide cohort of patients with heart failure. Methods We followed all Danish patients discharged from hospitalisation for first-time heart failure in 1997-2010, without prior use of hypoglycaemic agents, until a claimed prescription for hypoglycaemic agents, death or 31 December 2010. The association of loop-diuretic dosage (furosemide equivalents) 90 days after discharge (study baseline) with risk of diabetes was estimated by multivariate Cox regression models.
Introduction
Nearly 35 years ago, the Framingham Heart Study reported that diabetes was associated with worsened prognosis in patients with heart failure [1] . Several studies have since confirmed these findings, including more contemporary studies [2] [3] [4] . Thus, little or no temporal improvement has been seen in the prognosis associated with diabetes in heart failure despite, for example, intensified glucose-lowering pharmacotherapy. This has led to the hypothesis that diabetes may in some cases be a marker of heart failure severity rather than a causal risk factor for adverse outcomes as such. In this context, chronic heart failure has been shown to be associated with hyperinsulinaemia and increased insulin resistance in a severity-dependent manner [5] [6] [7] . The clinical importance of these findings, i.e. the risk of developing overt diabetes according to the severity of the heart failure, has, however, been insufficiently investigated. One study suggested that heart failure increased the risk of developing diabetes in a severity-dependent manner in patients discharged after myocardial infarction [8] . The purpose of the present nationwide study was to investigate whether a relation between loopdiuretic dosages, as a proxy for heart failure severity, and risk of diabetes exists for patients discharged after first-time heart failure hospitalisation, and the prognostic effect of developing diabetes in chronic heart failure.
Methods
All residents in Denmark are covered by a tax-financed healthcare system. Every citizen has a unique and permanent civil registration number, which can be used to link information at the individual level from nationwide administrative registries. For the present study, we crosslinked four of these registers. In brief, the Danish National Patient Registry holds information on all hospitalisation and discharge diagnoses (coded according to the ICD-10 system since 1994). The diagnosis of heart failure has been validated with a specificity of 99% and a sensitivity of 29% in this registry, i.e. heart failure is under-reported, but the diagnosis is very specific [9] . The Danish Registry of Medicinal Product Statistics provides information about all prescriptions dispensed from Danish pharmacies since 1995. Available data include strength, dispensing date and quantity dispensed. Drugs are classified according to the Anatomical Therapeutical Chemical system (ATC). Because the Danish government partially covers drug expenses, the register is accurate and the likelihood of patients obtaining medications from other sources is small [10] . The National Population Register holds information on age, sex and date of death for all individuals.
Population, identification of pharmacotherapy, and comorbidity This study included all Danish citizens ≥30 years of age admitted with first-time heart failure in the period between 1997 and 2010 and alive 90 days after discharge. Patients who had claimed prescriptions of hypoglycaemic agents (ATC code A10) before hospitalisation for heart failure or during the first 90 days after discharge were excluded. Incident diabetes was defined as date of first claimed hypoglycaemic agent (ATC code A10) [11] .
Patients were divided into five groups according to the dosage of prescribed loop diuretics based on arbitrary values: group 1, no loop diuretics; group 2, >0-40 mg/day; group 3, >40-80 mg/day; group 4, >80-159 mg/day; and group 5, ≥160 mg/day. Mean loop-diuretic dosages were calculated by dividing the number of dispensed tablets by the dispensing time interval, taking up to three consecutively claimed prescriptions into account (in a retrospective manner), a method that has been described in detail previously [12, 13] . Loopdiuretic dosages have previously been demonstrated to correlate positively with worsened New York Heart Association (NYHA) functional class, lowered peak oxygen uptake and risk of mortality, but not with glomerular filtration rate in patients with heart failure [5] . Usage of selected concomitant cardiovascular pharmacotherapy was defined as at least one claimed prescription in the period 90 days before and up to 90 days after discharge. The following ATC codes were included: β blockers, C07; statins, C10A; renin-angiotensin system inhibitors (RASis), C09; thiazides, C03A; spironolactone, C03D; calcium antagonists, C08; digoxin, C01AA05; vitamin K antagonists, B01AA0; aspirin, B01A06; and clopidogrel, B01AC04.
We identified selected comorbid conditions on the basis of a discharge diagnosis for up to 1 year before the heart failure admission date, as previously [8] .
Ethics Registers were available in an anonymous set-up, preventing identification of individuals. In Denmark, such studies do not need ethics approval. Statistical analysis Continuous variables were compared using the t test, and discrete variables using the χ 2 test. Cause-specific cumulative incidence curves were created using the competing risk macro written by Bergstralh (2004) (www.mayo.edu/research/documents/gmatch.sas/ DOC-10027248, accessed 5 August 2013). Equality over strata was tested using the logrank test. Cox proportionalhazard regression models including death as a competing risk were used to estimate the risk of developing diabetes. All models were adjusted for age, sex, calendar year of hospitalisation, comorbidity and concomitant cardiovascular pharmacotherapy as specified in Table 1 . Cox regression models were also used to investigate the subsequent risk of death associated with diabetes. In these analyses, diabetes and age were included as time-dependent variables. Model assumptions were tested and fulfilled unless otherwise indicated. Because the risk of diabetes has previously been suggested to be modified by use of RASis [8] , we tested this assumption by including an interaction term in the overall analysis and subsequently analysed the risks associated with loop-diuretic dosages in patients with and without concomitant RASis by creation of dummy variables (hence, all patients were analysed in the same model). All analyses were performed with SAS version 9.3 (SAS institute, Cary, NC, USA).
Results
A total of 170,884 patients were hospitalised for heart failure for the first time between 1997 and 2010, of which 121,056 were alive at study baseline (i.e. 90 days after discharge). In total, 119,129 of these patients were aged 30 years or older. Prevalent diabetes resulted in 19,795 (17%) patients being excluded from analysis, leaving 99,362. Baseline characteristics for the five loop-diuretic dosage groups are shown in Table 1 . Prevalence of female sex and age increased with increasing loop-diuretic dosage group (mean ± SD age 72±13 years in group 1 vs 77±11 years in group 5; p<0.0001). The proportion of patients with renal disease was overall small, but the disease was more common in group 5 than group 1 (9% vs 3%, p<0.0001).
Diabetes development In total, 7,958 patients (8% of study population) developed diabetes. Median time to first claimed prescription of a hypoglycaemic agent was 1,080 days (interquartile range 475-2,037).
The proportion of patients who developed diabetes increased with higher loop-diuretic dosage. Among those in the group receiving the highest dosage, the 10-year cumulative risk of developing diabetes exceeded 25% (Fig. 1 ). Crude incidence rates for developing diabetes were 1.6 (95% CI 1.5, 1.7), 1.9 (95% CI 1.5, 2.0), 2.3 (95% CI 2.2, 2.4), 2.6 (95% CI 2.5, 2.8) and 3.0 (95% CI 2.9, 3.2) per 100 person-years in groups 1-5.
HR estimates obtained from the adjusted Cox regression models are presented in Fig. 2 . The use of RASis was found to attenuate the risk of diabetes associated with loop-diuretic dosage (p<0.0001).
Explorative analyses HRs associated with loop-diuretic dosage were found to be slightly lower for patients with ischaemic heart disease than for those without: 
Discussion
This nationwide cohort of patients hospitalised for heart failure showed that increasing loop-diuretic dosage, as estimated at day 90 after discharge and used as a proxy for heart failure severity, was associated with increased risk of developing diabetes in a severity-dependent manner. Furthermore, patients developing diabetes were shown to be at increased risk of dying compared with patients who did not develop diabetes.
In a previous study, we showed that use of loop diuretics as a proxy of heart failure was associated with increased risk of developing diabetes as determined by new prescriptions of glucose-lowering agents among patients discharged after firsttime myocardial infarction [8] . In the present study, we included the entire Danish population discharged after firsttime heart failure and showed that the increased risk of developing diabetes among patients with heart failure was not restricted to patients with a previous myocardial infarction.
This study included patients admitted with heart failure who had not previously been treated with hypoglycaemic agents or loop diuretics. Our data therefore support the notion that heart failure severity makes the patient predisposed to diabetes. Although we cannot exclude the possibility that some of the patients had a pre-existing milder degree of diabetes not requiring glucose-lowering medications, we believe that our approach of defining diabetes as a documented need for glucose-lowering medication as well as our 90-day 'wash-out period' after discharge provides a clear separation of the population with respect to degree of glucose tolerance. Indeed, type 2 diabetes is an arbitrarily defined disease based on consensus criteria and epidemiological associations of prevalence of micro-and macro-vascular complications, and not on distinct aetiological and pathophysiological knowledge with a clear distinction of the state of normal glucose tolerance. Because of the 90-day wash-out period, however, the incidence rates and cumulative incidences were underestimated compared with a regular clinical setting.
From an epidemiological perspective, the poor prognosis associated with diabetes in patients with heart failure has confused researchers for 35 years [1] . Even after adjustment for risk factors such as coronary artery disease and dyslipidaemia, several studies have over the years reported diabetes to be consistently associated with increased mortality. Our data add important insights to the understanding of the mechanisms underlying this poor prognosis, because it might be that the sickest patients are those who develop diabetes. Thus, diabetes may, in part, be a marker of heart failure severity in addition to being a causal risk factor for mortality HR (95% CI) Fig. 2 Risk of diabetes according to loop-diuretic dosage group. HR and 95% CI overall, with and without RASi treatment. All comparisons were made using group 1 as reference in heart failure cohorts. Although cross-sectional studies have previously shown a higher prevalence of insulin resistance and diabetes with greater heart failure severity, longitudinal analyses have been sparse [6, 14] . The idea of a causal relation between severe heart failure leading to diabetes has, however, also been suggested by at least one interventional study showing that patients with very severe heart failure who were given a left ventricular assist device improved their diabetic control, and 6/15 patients with diabetes were completely restored to a non-diabetic state [15] . Even though this study does not give any explanation of the mechanism underlying the development of diabetes in patients with heart failure, several potential mechanisms merit discussion. Patients with heart failure have decreased cardiac output and thereby diminished oxygen, glucose and insulin distribution to peripheral muscular tissue. Impaired blood flow further increases levels of adrenaline (epinephrine) and noradrenaline (norepinephrine). This neurohumoral compensating mechanism has been suggested to increase insulin resistance and hepatic gluconeogenesis as well as decrease the release of insulin from the pancreatic beta cells [16] . Sympathetic nervous system overactivity has also been shown to acutely reduce insulin sensitivity, but the role of development of overt diabetes remains to be established [5, 17, 18] . Patients with severe heart failure often lose muscle mass because of physical inactivity and/or cachexia/wasting, which increases insulin resistance [19, 20] . Finally, although this is not a wellestablished side effect, loop diuretics may also contribute to impaired glucose tolerance per se, perhaps in a similar manner to that reported for thiazide diuretics [21] .
Although the results of the present study should be regarded as hypothesis generating, it is interesting to note that RASis seemed to attenuate the risk of diabetes associated with severe heart failure. Large-scale clinical studies have found that treatment with RASis or angiotensin II receptor antagonists reduced the relative risk of the development of diabetes by 14-34% [22] [23] [24] [25] [26] [27] , although newer studies have found less or no risk reduction [28, 29] . Other medications such as β blockers have also been linked to increased risks of diabetes in some previous studies. We found the opposite in the present study, i.e. a lowered risk of diabetes associated with β blockers, which, as for RASis, may have been due to blockage of a high sympathetic tone and/or improved cardiac function, although a selection bias of prescribing β blockers to generally healthier patients cannot be excluded.
This study further emphasises the importance of identifying the diabetic subgroup of patients with heart failure, as they have worsened prognosis (demonstrated by this and other studies) [30] . Awareness of the increased risk of development of diabetes in patients with severe heart failure is therefore warranted. Initiatives to initiate early and more aggressive pharmacological interventions might be of value, but this needs further investigation.
Strengths and limitations This study was based on nationwide data. The Danish National Patients Registry includes discharge diagnoses of all Danish hospitals and therefore avoids selection bias. However, this was an observational study and The Danish National Patients Registry does not include clinical variables such as BMI, smoking status, blood samples including blood glucose values, NYHA class, hypertension and left ventricular ejection fraction. In particular, both heart failure severity and diabetes were defined from prescription claims, which are only rough phenotypic markers of true diabetes and heart failure severity. Finally, the study cohort only included patients who were hospitalised; thus patients with milder stages of heart failure may not have been included.
Conclusions This study, based on nationwide data, suggests an increased risk of development of diabetes in patients with heart failure, with increasing loop-diuretic dosage used as a proxy for heart failure severity. It emphasises the need to monitor and treat patients with heart failure to prevent diabetes development. Future strategies for heart failure management should include increased awareness of risk of diabetes in patients with severe heart failure.
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